Angiotensin-(1-7) (Ang 1-7) has been previously studied in combination with an antioxidant containing preparation as a cardioprotective reperfusion solution. In this study a stability improvement of aqueous Ang 1-7 solutions was observed. However, no data was provided on the responsibilities and causes of the noticed stability enhancement. Therefore, the influence of pH and pharmaceutical additives as well as the effect of the single specific agents present in the antioxidant preparation such as α-ketoglutaric acid (α-KG), 5-hydroxymethylfurfural (5-HMF), N-acetyl-seleno-l-methionine (NASeLM) and N-acetyl-l-methionine (NALM) on the stability was evaluated. Analyses were performed by an HPLC method with fluorescence detection. Crucial instability was found in a pH range of 5.0-7.5 without addition of the antioxidative mixture. Zetasizing confirmed the presence of microparticles and MS studies showed no degradation products within 25 days. 5-HMF was identified as main component for stability enhancement of Ang 1-7 solution. By adding this substance the stability of the cardioprotective peptide solution can be prolonged and appears as a promising approach for transplant purposes.
Introduction
The heptapeptide angiotensin-(1-7) (Ang 1-7) is an important component of the renin-angiotensin-system and shows a wide range of effects on different organs and tissues. It is formed by proteolysis of angiotensin I or angiotensin II with involvement of endo-or carboxy-peptidases such as prolyl-endopeptidase, neutral-endopeptidase neprilysin, prolyl-carboxypeptidase and angiotensin-converting enzyme 2 (Santos et al. 2000) . The activities of Ang 1-7 are mediated via the G-protein-coupled Mas-receptor (Santos et al. 2008 (Santos et al. , 2013 . In the cardiovascular system it counteracts the activity of angiotensin II and promotes vasorelaxation through the release of nitric oxide. Besides, Ang 1-7 exhibits antiproliferative and antiangiogenic effects, contributes to inflammation processes, and also has positive effects on metabolism with respect to glucose uptake, lipolysis and insulin resistance (Santos et al. 2000; Giani et al. 2008; Liu et al. 2012) . Ang 1-7 further showed positive effects on reperfusion arrhythmias in studies carried out with the Langendorff method on isolated hearts of male rats (Ferreira et al. 2001; Neves et al. 1997) . This peptide has been tested in combination with an antioxidant solution to improve reperfusion injury after heart transplantation. The active ingredients of this solution are α-ketoglutaric acid (α-KG), 5-hydroxymethylfurfural (5-HMF), N-acetylseleno-l-methionine (NASeLM) and N-acetyl-l-methionine (NALM). It also contains glucose and electrolytes like potassium and sodium. Since this combination is supposed to reduce reactive oxygen and nitrogen species and graft failure effect during the ischemic phase of heart transplantations, it is currently being studied in the hearts of male Wistar rats (Schwarz et al. 2012 ). In the future, this peptide combination may be used as a liquid storage medium or reperfusion solution in transplant surgery.
In order to ensure the quality of clinically applied peptide solutions a further essential aspect, besides the pharmacological studies, is the investigation of the stability of the 1 3 peptide. Considering liquid peptide preparations, a loss of peptide can occur physically (e.g. aggregation, adsorption) or chemically (e.g. oxidation, deamination) (Avanti 2012; Badelin et al. 1990; Anik and Jiin-Yu 1983) . Although peptide instability in aqueous solution is generally known, it is affected by the specific structure of the peptide itself (Li et al. 2014; Brange and Langkjaer 1992) . Hence, the concept of stabilization differs from peptide to peptide and has to be examined.
There are only a few publications that mention the stability of Ang 1-7, but without further details. Cui et al. and Ali et al. recognized a significant decrease in angiopeptide quantity within less than a week. Both used a water/acetonitrile mixture with formic acid as solvent for the Ang 1-7 solution, but without information on storage conditions, pH value and additives (Cui et al. 2007; Ali et al. 2014) . During the development of our HPLC method for determining Ang 1-7 (Russ et al. 2016 ), a stability enhancement after addition of an antioxidative solution was noticed. However, up to now no information is given on causes of such an enhancement and possibilities for further improvement. Therefore, the aim of this study was to examine the different ingredients and their possible effects in order to explain this unexpected stabilizing behavior. For these investigations HPLC with fluorescence detection, MS and zetasizing were applied. Since this solution might not be used within a short period of time after production, the data presented in this study provide valuable information for the clinical use of this solution as a potential storage medium or reperfusion solution in heart transplant surgery.
Materials and Methods

Reagents and Materials
All chemicals and reagents were of analytical grade and were applied without further purification. HPLC grade deionized water was used for all experiments. Ang 1-7 as acetate salt hydrate and benzalkonium chloride were obtained from Sigma-Aldrich (Vienna, Austria). The antioxidant solution and its individual ingredients α-KG, 5-HMF, glucose, NASeLM and NALM were supplied by CYL-Pharma (Lassnitzhöhe, Austria). Fluorescamine was purchased from Alfa Aesar, sodium hydroxide and potassium hydroxide from Roth (both Karlsruhe, Germany). Disodium hydrogen phosphate, sodium dihydrogen phosphate, acetonitrile, hydrochloric acid and sodium azide were obtained from Merck (Darmstadt, Germany).
Apparatus
HPLC analysis was carried out with an Agilent Technologies 1260 Infinity Quat Pump VL and a RF-10AXL Shimadzu Fluorescence Detector. Quantification was performed as described elsewhere (Russ et al. 2016) . Under these conditions the retention time of Ang 1-7 was about 4.7 min. In the linear range from 50 to 5000 ng/mL standard deviation was lower than 5% and accuracy was between − 1.99 and + 2.62%. LOD was determined to be 15 ng/mL. The peptide was derivatized by adding an appropriate amount of fluorescamine at room temperature, likewise according to Russ et al. (2016) . The reaction mixture was then injected into the HPLC system via a 20 µL loop and detected at 390 nm excitation and 470 nm emission wavelength. Triplicates were injected and peak areas evaluated using the Agilent ChemStation software. For comparison of different conditions, peak areas were plotted against the day of measurement (time), applying mean values and standard deviation. For accurate determination of stability, a freshly prepared Ang 1-7 standard solution, defined as 100% peak area, was applied at each time point.
Offline nano-ESI MS analysis of Ang 1-7 was performed with metal-coated borosilicate emitters connected to a LTQ XL mass spectrometer with the Nanospray Flex Ion Source (all Thermo Scientific). Samples were diluted with water to a final concentration of 3 and 20 pmol/µL. A spray voltage of 1.5 kV was applied to the emitter and data analysis performed in the profile mode using a heated capillary temperature of 200 °C and a capillary voltage of 45 V.
The Litesizer 331 running Kalliope software was used for zetasizing (both prototypes from Anton Paar, Austria).
Preparation of Stock and Standard Solutions
For every measurement series, stock solutions of 20 µg/ mL Ang 1-7 dissolved in water or solutions with particular ingredients were prepared and diluted with the appropriate solvent. The final standard solutions contained 5000, 1000 or 100 ng/mL of Ang 1-7. On the first day of a series, the standard solutions were prepared and an aliquot of about 200 µL was transferred to Eppendorf ® tubes, one for each measurement day. All tubes were stored refrigerated at 4 °C overnight.
Stability Experiments
The ingredients of the aforementioned cardioprotective solution (Schwarz et al. 2012 ) were studied to identify any possible stabilizing effect on Ang 1-7. To this end, stock and standard Ang 1-7 solutions containing α-KG (62 mM), 5-HMF (24 mM), NALM (0.5 mM), NASeLM (0.008 mM), or the pharmaceutical excipient glucose (166 mM), each as a single compound, were prepared with pH adjustment to 5.7, the final pH of the cardioprotective solution.
To study the pH effect, aqueous stock and standard solutions of the heptapeptide were adjusted to pH 2, 4, 7, 9, and 11 with 0.1 M HCl or 0.1 M NaOH. Aqueous solutions in a closer range between pH 5.0-7.5 were also prepared this way. Milli-Q-water (pH 5.6) was used for stock and standard solutions. A non-aseptic preparation effect was evaluated by applying antibacterial ingredients like a 0.1% sodium azide or 0.01% benzalkonium chloride solutions to Ang 1-7 stock and standard samples.
Results and Discussion
HPLC Analysis
An HPLC method with fluorescence detection was used to study the stability of Ang 1-7 in aqueous solutions (Russ et al. 2016) , while offline nano-ESI MS was also applied to detect possible degradation products with high sensitivity and specificity.
As the concentration of the analyte may also influence stability, three different concentrations of Ang 1-7 solutions (5000, 1000 or 100 ng/mL) were stored under varying conditions. The resulting peak areas were plotted against time (1-25 or in the case of pH dependence up to 90 days). Figure 1A shows typical chromatograms of Ang 1-7 and its rapid decrease within 25 days at pH 6. Figure 1B indicates, there is only a small difference between day 1 and day 25 when applying 5-HMF in the aqueous Ang 1-7 solution. As can be seen the additional peaks with retention time between 2.5 and 3.2 min are attributed to 5-HMF and blank.
Effects of Active and Auxiliary Ingredients
Previous investigations with an antioxidative solution (pH 5.7) containing α-KG, 5-HMF, NALM, NASeLM and glucose showed a positive influence on stability of Ang 1-7 (Russ et al. 2016 ), but it was unclear which of the compounds was responsible for this protective effect. To clarify this issue, solutions were tested containing the single ingredients α-KG (62 mM), 5-HMF (24 mM), NALM (0.5 mM), NASeLM (0.008 mM), and glucose (166 mM) at pH 5.7, each with the same concentration of Ang 1-7. As Fig. 2 shows, the stabilizing effect can be attributed to 5-HMF, which undergoes a loss of only about 10% within 25 days. The stabilizing behavior of 5-HMF can possibly be attributed to antioxidative (Li 2009 ) and antibacterial activity (Nafea et al. 2011) of 5-HMF. As the solution was prepared under non-aseptic conditions for basic investigations, bacterial peptidases may also be a reason for peak area decrease. In addition, HMF may act due to its several reactive sites as solubilizer for the peptide, although this has never been reported. The influence of different pH values was tested accordingly to obtain information on the correlation of stability and isoelectric point of Ang 1-7 in solution.
Influence of pH-Value
There is a distinct influence on the stability of Ang 1-7 only at pH 7. At pH 2, 4, 9 and 11, there was no significant degradation of the analyte (Fig. 3) . After day 25 at pH 7, the concentration of Ang 1-7 was below the limit of detection which had been determined as 15 ng/mL (Russ et al. 2016) . It is well known that when fluorescent agents are used for derivatization, the quantity of fluorescence yield may be influenced by pH and polarity of solvent. The peak area corresponding to fluorescence intensity of the Ang 1-7 derivative is, however, only minimally affected by different pH values, and different concentrations of Ang 1-7 (5000, 1000, 100 ng/mL) influenced the degradation behavior under different pH conditions only insignificantly. After 3 months, there was a significant decrease of Ang 1-7 concentrations under all pH conditions.
Because just small differences in pH may significantly alter stability, a further study in the relevant range of pH 5.0-7.5 was carried out at small pH intervals, with a complete decrease in the peak area in all cases. This may be due to the isoelectric point of the peptide and its correspondingly low solubility, resulting in micro-crystallization and thus reduction of the peak area. Zetasizing was performed to detect any microparticles present. It was found that the solutions exhibited polydispersity, which indicates the formation of microparticles. Higher (≥ 8) or lower (≤ 4) pH values would better prevent instability, but this is not feasible for physiological reasons.
Effect of Antibacterial Ingredients
It is often infeasible to prepare a fresh solution every day, but medicinal products that are used over a longer period of time may be prone to enhanced bacterial growth. To overcome this problem, agents with bactericidal and bacteriostatic effects can be added to solutions. Both sodium azide and benzalkonium chloride were chosen to investigate the stability of Ang 1-7. Sodium azide is often used at concentrations of 0.05-0.1% to protect aqueous solutions. Benzalkonium chloride is applied in pharmaceutical preparations at concentrations of 0.001-0.01% (Kampf 2013) . Therefore, these substances were used at concentrations of 0.1% sodium azide and 0.01% benzalkonium chloride. With both compounds there was a lesser decrease in the quantity of Ang 
MS Investigations
MS was used to find out more about structural alteration due to a possible bacterial or chemical degradation in aqueous Ang 1-7 solutions. Ang 1-7 is mainly detected as doubly charged ion m/z: 450.33 (M 2+ ), along with small quantities of singly charged ions m/z: 899.42 (M + ), as shown in Fig. 5 .
The concentration of Ang 1-7 decreased by up to 40% after storage for several weeks at 4 °C, but no degradation products were found. After the solution was intensively vortexed, about 84% of Ang 1-7 were detected, indicating that most of the microcrystals had re-dissolved ( Fig. 6 ).
An aqueous Ang 1-7 solution that had been stored for 6 months at room temperature was completely degraded. As shown in Fig. 7 , storage resulted in the formation of single amino acids and dipeptides, which may be attributed to enzymatic hydrolysis via microorganisms.
Conclusion
This study investigated the stability of Ang 1-7 in solutions under different conditions. The pH value in the range of 5.0-7.5 was shown to have considerable influence, decreasing the Ang 1-7 concentration. Higher or lower pH values, as well as a combination with 5-HMF, significantly prolonged stability. MS studies and zetasizing showed that the decrease in the quantity of Ang 1-7 can be assumed to be due to microcristallization at the relevant pH. Only after several months does microbial degradation to dipeptides and single amino acids take place, as determined by MS analysis.
As the result of this study it can be concluded that 5-HMF shows beside its antibacterial activity (Nafea et al. 2011) also a solubilizing effect on the peptide in aqueous solutions. Basically 5-HMF is able to react with amino acids and form Michael adducts as well as Schiff bases (Nikolov and Yaylayan 2011; Hamzalıoğlu and Gökmen 2018) . Thereby, the aldehyde site of 5-HMF reacts with a primary amine structure of an amino acid. However, a formation of a covalent bond between 5-HMF and Ang 1-7 would lead to an alteration of the retention time during HPLC analysis compared to other Ang 1-7 solutions, which was not observed in this study. Furthermore, the primary amine structure in Ang 1-7, contained in aspartic acid, is also the binding site for the used derivatization dye fluorescamine. If a non-reversible binding of 5-HMF with Ang 1-7 would appear there would be no free binding site for the dye, resulting in a detection of less Ang 1-7, which was again not observed. 5-HMF was identified during this study as stabilizing compound for Ang 1-7, so a non-reversible covalent binding between 5-HMF and the peptide can be excluded. 5-HMF might form reversible hydrogen bridge bonds with Ang 1-7, which increases the polarity of the peptide and leads to this solubilizing effect.
Overall, 5-HMF seems to be a promising approach to improve the stability of Ang 1-7 in aqueous cardioprotective solutions used for organ conservation in transplant surgery without altering its structure and functionality. 
